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A functional CaM-kinase cascade leading to the activation of CaM-KIV in response to Ca 2+ -mobilization has been demonstrated for using transfected COS-7 cells (10), Jurkat cells (17) , and cultured hippocampal neurons (18) ; the cascade has also been shown to be required for the activation of CaM-KI in PC-12 cells upon membrane depolarization (19) . The CaM-kinase cascade has been reported to engage in cross talk with other signaling pathways such as those that lead to the activation of MAP-kinases (20) and to be subject to down-regulation by PKA (21, 22 ). An important role has been demonstrated for the CaM-KIV cascade in the regulation of Ca 2+ -dependent gene expression by the phosphorylation of transcription factors such as CREB (23) (24) (25) (26) . A recent study of transgenic mice carrying dominant negative CaM-KIV alleles that confer defect in the phosphorylation of CREB indicates that these animals exhibit a disruption of late phase LTP and that they are impaired in the consolidation/retention phase of hippocampus-dependent memory (27) . Analysis of mice deficient in CaM-KIV revealed that the CaM-KIV mediated pathway plays an important role in the function and development of the cerebellum and is critical for male and female fertility (28) (29) (30) . In addition, physiological role has been predicted for CaM-KK, with the suggestion that it may act as a regulatory protein kinase in the CaM-kinase cascade, but this has not been demonstrated in vivo. Therefore, to evaluate the physiological functions of CaM-KK and 7 a yellow solid. Recrystalization from acetic acid yielded pure STO-609 as an acetic acid adduct in a molar ratio of 1:1. The structure and purity of the synthetic compound were confirmed by 1 H-NMR, ESI mass spectroscopy, and elemental analysis.
In Vitro Assay for CaM-KK Activity---Purified recombinant CaM-KKs (CaM-KKα, 0.28 µg/ml; CaM-KKβ, 0.52 µg/ml, constitutively active CaM-KK, 0.3 µg/ml) were incubated with 10 µg GST-CaM-KI ( µM CaM. The reaction was initiated by the addition of [γ-32 P]ATP and terminated by spotting aliquots (15 µl) onto phosphocellulose paper (Whatman P-81) followed by several washes with 75 mM phosphoric acid (34) . Phosphate incorporation into GSTCaM-KI (1-293, K49E) was determined by liquid scintillation counting of the filters. A 5 min reaction was chosen to determine CaM-KK activity based on the time course experiment described recently (13) . Specific activities of CaM-KKα, CaM-KKβ, and constitutively active CaM-KK in the absence of STO-609 were calculated to be 723±7
µmol/min/mg, 338±18 µmol/min/mg and 927±40 µmol/min/mg, respectively. terminated by the addition of SDS-PAGE sample buffer. The samples were subjected to SDS-10%PAGE followed by autoradiography. 32 P-incorporation into CaM-KK was estimated by densitometric scanning of the X-ray film.
Autophosphorylation of CaM-KKα
In Vitro Assay for CaM-KI, II, IV and MLCK Activities---CaM-KI (2.5 µg/ml), CaM-KII (0.75 µg/ml), CaM-KIV (9 µg/ml) and MLCK (0.6 µg/ml) were incubated with 40 µM syntide-2 or 50 µM MLC peptide (for MLCK) at 30 o C for 5 min in a solution (25 µl) containing 50 mM HEPES (pH 7.5), 10 mM Mg(Ac) 2 , 1 mM DTT, 50 µM [γ-32 P]ATP (4500 cpm/pmol) with various concentrations of STO-609 (0-10 µg/ml in DMSO at a final concentration of 4%) in the presence of 1 mM CaCl 2 /2 µM CaM. Protein kinase activity was measured by the phosphocellulose filter method as described above.
Specific activities of CaM-KI, CaM-KII, CaM-KIV and MLCK in the absence of STO-609 were calculated to be 24±1 µmol/min/mg, 122±3 µmol/min/mg, 48±1 µmol/min/mg and 178±6 µmol/min/mg, respectively.
In Vitro Assay for PKA, PKC, and p42MAP-kinase Activities---PKA (8 µg/ml), PKC (25 ng/ml) and p42MAP-kinase (2 µg/ml) were incubated with 100 µM kemptamide (for PKA affected by the presence of 1 µg/ml STO-609 (CaM-KI, 6%; CaM-KII, 18% of inhibitory rate; CaM-KIV, not detected) (Fig. 2) . We further tested the inhibitory effects of STO-609 on other protein kinases such as protein kinase C, cAMP-dependent protein kinase and p42MAP-kinase in the presence of 50 µM [γ-32 P]ATP ( Table 1 ) and found that those protein kinases were only slightly affected by the presence of 10 µg/ml STO-609 (~20 % inhibitory rate). CaM-KII and MLCK are significantly inhibited (~50% inhibitory rate)
only by concentrations as high as 10 µg/ml STO-609, which represents an approximately 100-fold or much lower inhibitory potency of the compound against these kinases than against the two CaM-KK isoforms (CaM-KKα, IC 50 =120 ng/ml; CaM-KKβ, IC 50 = 40 ng/ml). These results indicate that STO-609 more significantly inhibits CaM-KKs than other protein kinases we tested. Thus, the newly synthesized compound STO-609, is a selective and potent inhibitor of CaM-KK.
To clarify the mechanisms involved in the inhibition of CaM-KK activity, STO-609 was tested for its ability to inhibit a constitutively active mutant form of CaM-KKα (GST-CaM-KK 84-434), which lacks residues required for both autoinhibition and CaMbinding (16) . As shown in Fig. 3 HA-CaM-KIV was then immunoprecipitated and its Ca 2+ /CaM-independent activity was measured (Fig. 4) . The Ca 2+ /CaM-independent activity of CaM-KIV has been shown to be generated by phosphorylation of Thr196 by CaM-KK as well as induction of (Fig. 4 insert) . This result suggests that STO-609 inhibits the endogenous activity of CaM-KK in HeLa cells resulting in a reduction of Ca 2+ -induced CaM-KIV activation.
To confirm the cell-permeability of STO-609 and its inhibitory effect on CaM-KK activity in intact cells as shown in Fig. 4 , we assayed endogenous CaM-KK activity in SH-SY5Y neuroblastoma cells treated with STO-609 by using an adenovirus infection system. When Ca 2+ /CaM-independent CaM-KIV (305HMDT-DEDD) is overexpressed from recombinant adenoviruses in SH-SY5Y cells with a constitutively active CaM-KK (1-434) by infection, the mobility of an immunoreactive band corresponding to CaM-KIV on the SDS-7.5%PAGE gel is decreased compared to that is observed for the CaM-KIV mutant alone (Fig. 5A) . The mobility-shift of the CaM-KIV band is likely due to hyperautophosphorylation subsequent to activation/phosphorylation of the Thr196 residue by CaM-KK since the mobility -shift is not detected for a corresponding CaM-KIV kinasedeficient mutant (305HMDT-DEDD, K71E) co-expressed with constitutively active CaM-KK. This is consistent with previous reports that the autophosphorylation of multiple Ser residues at the N-terminus of CaM-KIV is highly induced by phosphorylation of Thr196 by CaM-KK (10,36). We have observed that the protein kinase activity of the Ca 2+ /CaM-independent CaM-KIV is 8-10 fold induced by coinfection of adenovirus bearing a constitutively active CaM-KK (data not shown)
indicating that the mobility-shift of the CaM-KIV band on SDS-PAGE gel reflects an activated form of CaM-KIV produced by CaM-KK phosphorylation. Therefore, we quantified the intensity of the mobility-shifted CaM-KIV band to confirm endogenous CaM-KK activity and also we examined the effect of the inhibitor on endogenous CaM-KK activity in SH-SY5Y cells (Fig. 5B) . Overexpression of Ca 2+ /CaM-independent CaM-KIV after serum withdrawal consistently results in the appearance of a small amount of the mobility-shifted band, indicating the presence of Ca 2+ /CaM-independent CaM-KK activity in these cells. This is consistent with previous observations demonstrating that CaM-KKβ, unlike CaM-KKα, is highly Ca The mechanism of differential sensitivity of CaM-KK isoforms to STO-609 is not clear, but it is not likely due to their differences in affinity for ATP since the apparent Km values of CaM-KKα and CaM-KK β for ATP are indistinguishable (~33 µM, Fig. 3 B) .
Furthermore, physiological function(s) controlled by the CaM-KK/CaM-KI cascade have subjected to SDS-7.5%PAGE followed by western blot analysis with an anti-CaM-KIV 
